Phenomenology of neutralino dark matter in the minimal supersymmetric model is discussed for a scenario where the lightest Higgs boson mass is lighter than 114.4 GeV. We show that the scenario is consistent not only with many collider experiments but also with the observed relic abundance of dark matter. The allowed region may be probed by experiments of B s → µ + µ − in near future. The scenario predicts a large scattering cross section between the dark matter and ordinary matter and thus it may be tested in present direct detection experiments of dark matter.
I. INTRODUCTION
The Large Hadron Collider (LHC) experiments will start soon. The primary goal of the LHC experiments is the search for the Higgs boson φ, which is the last undiscovered particle in the standard model of the particle physics (SM). The Higgs boson is the only scalar particle in the SM and rules masses of the other particles via couplings with them. Hence, the discovery of the Higgs particle is indispensable to understand the nature.
The present bound on the Higgs mass in the SM comes from the LEP2 experiments and is given as [1] m φ > 114. 4 GeV (95 % C.L.) .
(
In addition to the bound, the Higgs mass should be within TeV scale theoretically because of the partial wave unitarity of weak gauge boson scatterings. On the other hand, once quantum correction to the Higgs mass square is taken into account, it has quadratic divergence.
Hence, the natural scale of the SM Higgs mass is the cutoff scale of the SM, which is, for example, the grand unification theory (GUT) scale (M G ∼ 10 16 GeV) or the Planck scale (∼ 10 19 GeV). This problem in the SM is called as the hierarchy problem and considered to be very serious. To solve this problem has been the paradigm for particle phenomenology for a couple of decades.
The supersymmetry (SUSY) [2] is one of solutions to this problem. The quadratic divergence is canceled between loop diagrams of SM particles and those of SUSY partners.
Moreover, SUSY theory also has some advantages; the lightest SUSY particle (LSP) is provided as a candidate for dark matter with R-parity conservation, and the grand unification is improved in comparison with the SM. By these reasons, SUSY theory is the most celebrated candidate for physics beyond the SM.
In the minimal SUSY SM (MSSM), two Higgs doublet fields (H u , H d ) are required to provide mass terms for quarks and leptons. Hence, the MSSM predicts three neutral and two charged Higgs bosons: two CP-even scalar ones h (lighter), H (heavier), one CP-odd pseudoscalar one A, and a pair of charged ones H ± . The mass of the lightest one, m h , can be lighter than the SM bound (1) if g ZZh , which is the coupling of h to the Z boson, is significantly smaller than the SM value [3, 4, 5] . We call the MSSM with the Higgs boson whose mass is lighter than 114.4 GeV as the light Higgs boson scenario (LHS). The LHS might explain the 2.3 σ level excess of events at 98 GeV in the LEP2 experiments [1, 3] though it is very difficult to be explained in the SM with m φ = 98 GeV.
A reference model widely used to study the MSSM is the constrained MSSM (CMSSM), which is parametrized by m 0 , m 1/2 (universal scalar and gaugino masses at M G ), A 0 (universal trilinear coupling at M G ), tan β ≡ H u / H d , and sign(µ). Unfortunately, the LHS cannot be realized in the CMSSM. Thus, studies for the LHS has been restricted in spite of its potential importance [4, 5, 6, 7, 8, 9] . In recent works of the LHS, phenomenological aspect with m h ≃ 98 GeV [6] and m h < 90 GeV [7] and a solution to the little hierarchy problem [8] are discussed.
In this Letter, we investigate phenomenology of neutralino dark matter in the LHS. In particular, it is studied whether the LSP in the LHS is a viable dark matter candidate, that is, whether the parameter region where the relic abudance of the LSP is consistent with the observed abundance by the WMAP experiment [10] is allowed by the recent severe constraints from b → sγ and B s → µ + µ − . We calculate the relic abundance by using the SUSY model with non-universal scalar masses for the Higgs multiplets (NUHM), which is the simplest example realizing the LHS and consistent with GUT. We also calculate the cross section of the dark matter with ordinary matter and compare with present bounds by direct detection experiments of dark matter.
II. LIGHT HIGGS BOSON SCENARIO
The mass eigenstates for the CP-even neutral Higgs bosons in the MSSM are given by
where α is the angle diagonalizing the mass square matrix of the Higgs bosons,
Here, m A (m Z ) is the pseudoscalar Higgs boson (Z boson) mass, c β ≡ cos β, s β ≡ sin β, and ∆ ii denotes the radiative correction, which is given in Ref. [2] .
The LEP collaborations have analyzed their data using several benchmark scenarios to search Higgs bosons in the MSSM [3] . In their results, it is implied that m h < 114.4 GeV is allowed if g ZZh is significantly suppressed since the primary mode to search h in the LEP2
experiments is e + e − → Zh. The coupling g ZZh is given as g ZZh = g ZZφ sin(β − α), where Using these values at m Z scale, a boundary condition at M G is derived by the renormalization group running. Then, masses of SUSY particles run back from M G to m Z . In this work, the renormalization group running is evaluated by ISAJET 7.75 [11] .
III. CONSTRAINTS
We consider the following constraints from collider experiments.
(i) LEP2 Zh/ZH constraints: In order to satisfy this constraints, sin(β − α) < 0.5 is required for 90 GeV < m h < 114.4 GeV. In our analysis, this constraint is imposed in a more precise form dependent on m h with assuming that the branching ratios of h decays are the same as those of the SM [3] . This assumption is good enough because SUSY loop corrections to the Yukawa coupling of b quark are small in our analysis in which we take tan β = 10 in order to satisfy the constraint from However, this region is very restricted, and therefore it is ignored in this work for simplicity.
(ii) LEP2 Ah/AH constraints: In our calculation, the constraint on g ZAh depends on the masses m A and m h [3] . We assumed m h -max benchmark for the final states of the Higgs bosons decay. Since the dominant decay mode in our case is b quark pair production, which is the same as the m h -max benchmark, the uncertainty from this assumption is small enough. For 90 GeV < m h < 114.4 GeV, this constraint is not severe due to the P-wave suppression.
(iii) SUSY particle search constraints [12] : We consider the constraints for masses of SUSY particles through micrOMEGAs 1.3.7 package [13] which is also used to calculate the following two processes and the abundance of the LSP in the LHS. In particular, the constraint for the lightest chargino mass is precisely given depending on the lightest neutralino and sneutrino masses. Hence, the contribution from H ± should somewhat be canceled by SUSY contribution in the LHS [8] . In particular, the H ± contribution can be compensated by large A-terms 1 .
The present experimental bound is reported as [16] Br(b → sγ) = (355 ± 24
In our analysis 2 , we search allowed regions for 304 × 10 −6 < Br(b → sγ) < 406 × 10 −6 .
1 Large A-terms may cause the problem of charge (and color) breaking minima [15] . We checked that values of A 0 used in our analysis are acceptable because the MSSM minimum is stable enough even if it is not the global one. 2 The recent theoretical prediction of Br(b → sγ) in the SM is significantly lowered as Br(b → sγ) = (2.98 ± 0.26) × 10 −4 [17] . This improvement was not included in our calculation which gives Br(b → sγ) = 3.62×10 −4 as the SM prediction. Since the deviation of the new value from the present experimental result (4) is larger than that of the value we used, it will shift the allowed region we obtained for Br(b → sγ) to a heavier mass region in (m 1/2 , m 0 ) plane (See also Fig. 1 A . In the LHS, this contribution is large since m A ∼ m H ∼ m h . Moreover, this contribution is proportional to (tan β) 6 . As a result, the LHS with large tan β 20 is almost forbidden. The present experimental bound is given by [18] Br(B s → µ + µ − ) < 5.8 × 10
This upper bound is used for our calculation.
IV. RESULTS FOR THE DARK MATTER
The purpose of this work is not to investigate all parameter space exhaustively but to indicate that the LHS is consistent with dark matter abundance observed by the WMAP experiment [10] ,
where h = 0.73 This range of m A is a typical one in the LHS [7, 8] .
In Fig. 1 , we fix m A = 100 GeV for simplicity. The region consistent with the dark matter abundance observed by the WMAP experiment is shown for µ = 600 GeV and The spin-independent neutralino-nucleon elastic-scattering cross section for direct detection experiments is large for small masses of the neutral Higgs bosons [4, 19] . In the LHS, because all Higgs boson masses are as light as the electroweak scale, the prediction for the cross section is generically large. Thus, we should compare the prediction with the bound from direct detection experiments. In Fig. 4 , the predictions for direct detection experiments are shown for the same parameter sets as Fig. 2 . The horizontal axis is the LSP mass and the vertical one is the spin-independent cross section for direct detection experiments. The cross section is calculated for y = 0-0.2, where y parametrizes the strangeness component in nucleons, to take into account that the cross section becomes smaller for smaller y. The value of y is calculated as 0.2 in Ref. [20] , while y = 0 is also allowed within errors. The dark green (dark gray) and green (gray) lines indicate the bounds from the XENON10 and the CDMS-II experiments [21] , respectively. The small value of µ is disfavored even if it gives large allowed region in Fig. 2 . For µ = 600, 700 GeV, the cross section is consistent with experiments. Since the allowed region with the WMAP observed dark matter abundance is very restricted for µ = 700 GeV in Fig. 2 , moderate value of µ is preferable in the LHS.
The regions allowed by direct detection experiments are not far away from recent bounds of the experiments, and hence the LHS predicts that the dark matter may be observed by experiments in near future.
V. SUMMARY
We have investigated phenomenology of the neutralino in the LHS for 90 GeV < m h < 114.4 GeV. We confirmed that the abundance of the neutralino is consistent with the observed dark matter abundance. The constraint from Br(b → sγ) severely restrict a part of the region allowed by the abundance. However, we can choose A 0 to cancel the dangerous contribution from H ± to b → sγ. The recent constraint on Br(B s → µ + µ − ) is avoided for small tan β and the large part of the predicted value is within the sensitivity in future experiments. It was also shown that the allowed region is very restricted for large µ. In the LHS, the cross section for direct detection experiments of dark matter is large.
In particular, small µ is disfavored by the present bound. Hence, moderate value of µ, 600 GeV or so, is favored in the LHS. The allowed region may be judged by B s → µ + µ − and direct detection experiments in near future.
